Abstract: This paper presents a numerical computation method for determining the magnetic field of high-current busducts of circular cross-section geometry, based on the subdivision of the busduct phase conductors and screens into the conductor filaments and the subsequent application of the mesh-current method, with the aid of the geometric mean distance method. The mathematical model takes into account the skin effect and the proximity effects, as well as the complete electromagnetic coupling between phase conductors and metal enclosures (i.e., screens) of the single-phase isolated busduct system (of circular cross-section geometry). This model could be readily applied to the computation of the magnetic field of the Gas Insulated Transmission Lines (GIL) as well.
between phase conductors and metal enclosures of the single-phase isolated busduct or GIL system of circular cross-section geometry. This approach differs in terms of the problem domain decomposition from the finite element method (FEM) approach, which has been seen as a standard method of approach in dealing with this category of electromagnetic problems, and has been implemented in several commercially available software packages, e.g., [15] . Here presented method of approach is more efficient then the FEM procedure, in treating the busduct and/or GIL systems, due to the fact that the FEM approach-in this open boundary problem-needs to carry-out discretization of the very large solution region, e.g., [15] . On the other hand, filament method only needs the discretization of the busduct system itself (i.e., its cross-sectional geometry), thus resulting in a far lower number of (finite) elements (i.e., filaments). Finally, it ought to be mentioned that this magnetic field problem could be treated in the purely analytical manner, as described in, e.g., [13, 16, 17] . Figure 1 graphically depicts the high-current busduct (or GIL system), with screens mutually bonded and grounded on both ends. The treatment of the operating conditions for the busduct or GIL system is also illustrated in this figure, as will be elaborated upon later in the paper.
Mathematical Model

Figure 1.
Graphical depiction of the high-current busduct (or GIL system) with screens mutually bonded and grounded on both ends.
The basis for the efficient numerical computation of high-current busduct or GIL system electromagnetic fields emanates from a mathematical model for obtaining the exact current distribution in the phase conductors and screens of the system at hand, which should account for the skin and proximity effects. This model is in turn based on the application of the filament method, where phase conductors and screens are replaced by a number of smaller subconductors or filaments. The following assumptions are introduced: (i) the current flows only longitudinally in the filament; (ii) the material resistivity and permeability are uniform within each filament and independent of current, but they may differ from those of other filaments; (iii) all filaments are parallel. The skin and proximity effects are directly incorporated within the proposed filament method.
This method has been already successfully applied to high voltage cables in [18, 19] and to a high-current busduct of rectangular cross-section geometry in [12] . The method itself is well documented and explained in [12] and will not be repeated here. It should be mentioned that each phase conductor is divided into Nc filaments, while each screen is divided into Ns filaments; coordinates of the filaments are determined in regards to the global coordinate system (positioned arbitrarily). Hence, the total number of filaments equals N = 3Nc + 3Ns. The mentioned numbers of filaments for the phase conductors and screens are chosen in such a manner that the current density remains uniform across the surface (of each) of the filaments; this necessitates a rather large number of filaments.
A mesh-current method is applied in order to determine the unknown conductor filament currents, e.g., [12, 18] . Each mesh is represented by a loop consisting of: (1) the associated phase conductor or screen filament; (2) the associated voltage and the load impedance of the phase, if the loop contains the phase conductor filament and (3) the ground return path. Moreover, governing equations are formulated using the additional assumptions: elbows (if exist) of the busduct or GIL system are neglected and the transmission line is longitudinally homogenous. Thus a following general system of complex linear algebraic equations could be formed [12] :
where { } V -known vector of the loop voltages, defined by the conditions at the generating-side terminals; [ ] Z -matrix of self and mutual impedances of the loops; this matrix is complex and symmetric in respect to its main diagonal (but not Hermitian), { } I -unknown vector of the filament currents. In the process of deriving the self and mutual impedances of the loops (created by filaments as explained above) one firstly needs to compute the associated distances between the involved filaments. Here a geometric mean distance (GMD) method is employed, accounting for the fact that the filaments are rectangular in cross-section, [12] . For the arbitrary i-th filament of a rectangular cross section, self GMD is given by [12] :
where a i and b i represent the dimensions of the filament cross-section. Also, GMD between any two filaments of the busduct system is given as a geometrical distance between their central points, i.e., the GMD between the i-th and the k-th filament is given by:
where x i , y i represent coordinates of i-th filament center, while x k , y k represent coordinates of the k-th filament center.
The system of equations given by (1) , in case of the busduct or GIL system screens being grounded on both ends and mutually bonded, could be transformed into the following: 
where { } Figure 1) . The matrix of self and mutual impedances of the filament loops in Equation (4) consists of several submatrices; their description is as follows:
-square submatrices each with dimension (Nc, Nc) of self and mutual impedances of the loops involving filaments, respectively, of the phase conductors L1, L2 and L3;
-square submatrices each with dimension (Nc, Nc) of mutual impedances of the loops involving phase conductors, respectively, of the phases L1-L2, L1-L3 and L2-L3; same can be said for their transposed submatrices (denoted with superscript T); CS Z -rectangular submatrix with dimension (3Nc, 3Ns) of mutual impedances between the loops involving filaments of all phase conductors and all the screens; SS Z -square submatrix with dimension (3Ns, 3Ns) of self and mutual impedances of the loops involving filaments of the screens (for the phases L1, L2 and L3).
The above mentioned self and mutual impedances (including the ground return path) for the loops involving filaments of the phase conductors and screens, as well as the various mutual impedances involved, are computed on the basis of the well-known Carson theory (simple closed-form approximations for the overhead wires in the low-frequency range are used), see e.g., [12, 18, 20, 21] . It should be mentioned that the resistance of each of the filaments involved is taken as a function of the operating temperature; phase conductors and screens will have different operating temperatures (although they might be of the same material), [12] . The mathematical expressions needed for computing the aforementioned impedances are provided in [12] . Additionally, inclusion of the terminal conditions on the so-called generating and the load sides of the high-current busduct (or GIL system) have been explained in detail in [12] and, thus, will not be repeated here. It could be stated that the busduct generating side is represented with the ideal three-phase voltage source, while the load side is represented with a three-phase burden impedances (observe Figure 1) , [12, 18] . Hence, the various operating conditions of the high-current busduct (or GIL system) could be simulated in this way, from normal operation, to unbalanced loads, to various possible short circuit events.
Having said all of the above, while considering the notations in the Figure 1 , self and mutual impedances of submatrices
could be determined from the following expressions:
where α takes on the reference to phases L1, L2 and L3, as appropriate. The impedances 
where newly introduced impedances gen gr Z and load gr Z represent the equivalent impedances of the grounding systems at the generating and load sides of the busduct system. Finally, all other impedances found in the matrix Equation (4) could be determined from the following expression:
The unknown filament currents for the phase conductors and screens become known once the system of complex linear algebraic equations in (4) is solved (involving here N + 1 equations with that many unknowns; i.e., 3Nc + 3Ns unknown filament currents and an unknown voltage difference V Δ between generating and load busduct side). This is a rather straightforward task. With all the filament currents known, determining the equivalent currents of the phase conductors and screens becomes a matter of programmer's book-keeping, i.e., tracking the position of each filament within the system and summating current contributions from all filaments which are part of the conductor (or screen) at hand; see [12] for more details. Furthermore, with all of the filament currents known, Joule power losses of the bus ducts are easily obtained, again through the programmer's book-keeping of sorts, as described in [12] . Computation of the power losses takes into account, not only the actual current distribution in the bus ducts (which includes the skin and proximity effects), but the temperature-dependent resistance of the material as well. The determined distribution of currents in phase conductors and screens of the busduct or GIL system (i.e., filament currents), influenced themselves by skin and proximity effects, gives rise to the electromagnetic field. In order to determine the field distribution (i.e., magnetic field outside of the high-current busduct or GIL system), let us introduce geometry provided in the Figure 2 . It has been assumed in this figure, without the loss of generality, that the magnetic field intensity will be computed in the points of the observational circle arbitrarily positioned in respect to the busduct (or GIL system) at hand. Field points are, thus, positioned in air (or even in earth) which surrounds the high-current busduct or GIL system (i.e., in the non-magnetic material). Consequently, Figure 2 depicts a geometry involved in computing the magnetic field at a single point, i.e., so-called field point M k (x k , y k ) due to the current of the single filament, i.e., source point T i (x i , y i ), which could belong either to the phase conductor or to the screen. Both points have been designated with their global coordinates. It can be observed from the Figure 2 that the magnetic field intensity at the field point is composed of two (mutually perpendicular) partial field components; i.e., the radial and the tangential field component at the field point (on the arbitrarily positioned observational circle).
Figure 2.
Geometry involved in determining the magnetic field due to current distribution in high-current busduct.
According to the notation introduced in the Figure 2 , local coordinates of the field point, i.e., M k ( k k η ξ , ) could be easily obtained from the introduced global coordinates of the field and source points, as follows (local coordinate system is positioned at the source point, i.e., at the center of the filament at hand):
Furthermore, partial tangential and radial components of the magnetic field intensity phasors at the arbitrary field point M k , due to the filament current at the source point T i , could be respectively obtained from the following expressions: along the local coordinate axis ξ could be computed as follows, e.g., [22, 23] 
By the way of analogy, the partial component of the magnetic field intensity phasor along the local coordinate axis η is determined from the following expression: 
The total tangential and radial components of the magnetic field intensity phasors at the field point M k (x k , y k ) are obtained by a superposition, due to the influence of all the filament currents (of all the phase conductors and all the screens), as follows: Ampere's circuit law could be invoked here in order to show that the phasor of the magnetic field intensity at the field points of the observational circle have been computed properly; this has been in-fact accomplished in the associated computer program. Finally, the RMS value of the total magnetic field intensity at the field point is obtained from the previously computed total tangential and radial components, according to the well-known expression:
The appropriate value of the total magnetic flux density at the field point is simply obtained from the above determined total magnetic field intensity, by using the following relation: Phase conductors and screens of the busduct are assumed to be made of high-quality aluminum (Al 99.5) with conductivity of 34.2 MS/m at 20 °C, e.g., [3] . Maximum allowable operating over-temperature of the phase conductors is assumed to be 65 °C, while that of the screen equals 40 °C, above the temperature of the surrounding medium (i.e., air) which is given as 40 °C. Rated voltage of the busduct system is assumed to be 24 kV (phase-to-phase) with rated continuous operating current of 7000 A. Length of the busduct system is assumed to be 100 m. For the relative soil resistivity of the site a value of 100 Ωm is provided. Impedances of the grounding systems at the generating and load sides of the busduct are neglected here (i.e., taken equal to zero). Finally, it is assumed that the treated busduct system carries its rated (nominal) operating currents at rated voltage (three-phase symmetrical operating condition).
Numerical Example
According to the procedure for the numerical solution of the filament current distribution, each phase conductor of the busducts (viewed in cross-section) is subdivided into 500 filaments (three concentric layers of equal thickness; first two layers having 150 filaments each, while the third one having 200 filaments). Additionally, each screen of the high-current busduct is subdivided into 400 filaments, giving a total of 2700 filaments. This particular division into filaments is carried-out, as previously mentioned, in such a manner that the cross section for each of the filaments is kept small enough so that the surface current density (on its cross-section) remains uniform.
In order to depict the distribution of the magnetic field in the vicinity of the high-current busduct at hand, an observational circle is positioned (10 cm above the screen's surface) outside each of the phases of the busduct system. Each of the observational circles contains 3000 field points. Additionally two observational profiles are also provided; first at 0.5 m and the second at 1 m above the horizontal symmetry line of the high-current busduct system (which is itself positioned horizontally in respect to the earth surface). Observational profiles extend 1 m to the left and right of the busduct system. Each observational profile contains 4000 field points. Table 1 presents results of the numerical computation of the current distribution in the phase conductors and screens of the high-current busduct. It can be nicely observed from this table that the screen currents are almost equal to the phase currents (even larger in one of the phases), due to the fact that there are current paths, formed by the screen bonding, giving rise to the so-called circulating currents. There is also the earth-return current, circulating between the grounding systems located on both sides of the busduct route. Table 1 . Current distribution in the high-current busducts (screens grounded and mutually bonded on both ends and possibly additionally along the route). It is quite evident from the data presented in this table that the screen currents do not form a symmetric three-phase system; there is an asymmetry present among the screen currents, which is due to the inherent electromagnetic asymmetry found in the flat formation of the three-phase conductor arrangements, e.g., [22] . It has been found that the largest screen current will be induced in that particular screen of which the associated phase conductor carries the leggiest phase (i.e., phase L3). Table 2 presents numerically computed Joule power losses of the high-current busduct, relevant for the proposed operating condition and screen treatment, including the operating temperatures of the phase conductors and screens. According to the analysis carried out with the commercial software package MagNet, [15] , the total busduct power losses of 1088 W/m have been obtained. Comparison of this result with that form the table 2 yields a relative difference of 1.47%, which is mainly due to the differences in treating, i.e., imposing the busduct operating conditions (as well as some minor differences in the busduct geometry), [24] . Table 2 . Computed power losses of the high-current bus duct (screens grounded and mutually bonded on both ends and possibly additionally along the route).
Currents I (A)
)
Power Losses P (W/m) Phase L1
Phase L2 Phase L3  Phase conductors  173  173  173  Screens  177  184  192  Total  1072 Furthermore, Figure 4 graphically depicts the total magnetic field distribution along the three observational circles (each positioned 10 cm above the screen) outside each of the three phases of the high-current busduct system. This figure in-fact provides the RMS values of the total magnetic flux density at the field points on the three observational circles, depicted as polar plots, with local coordinates of field points for each of the circles (see also Figure 2 ). Additionally, Figure 5 provides the RMS values for the total magnetic flux density along the field points of the two above defined observational profiles (located at 0.5 m and 1 m above the busduct horizontal symmetry line).
For the purpose of comparison, let us assume for the moment that the screens of the busduct system at hand are grounded on a single end, while at the same time not being mutually bonded on the ungrounded end (nor along the route). This removes the possibility of creating the circulating currents and leaves only the eddy currents in the screens. This analysis would necessitate only a slight rearrangement (i.e., re-computation) of the elements of the matrix Equation (4), particularly in respect to the position of the null-vectors and the all-ones vectors, while the computation procedure for the magnetic field would remain the same as before [12] . Figure 6 . Distribution of the screen currents for both of the above mentioned screen (grounding and bonding) treatments. Figure 6 presents a comparison between the current distributions (RMS current values) in the screens of the high-current busduct system for both of the above mentioned screen (grounding and bonding) treatments. The current distribution in the screens is obtained from the filament currents, depicted in polar coordinates in Figure 6 , with the position of the each filament in the figure derived from its actual physical position. It can be appreciated from the Figure 6 that the screen currents distribution is highly irregular in the case when the busduct screens are single grounded and while not being mutually bonded on the ungrounded end (nor along the route). This is due to the fact that only eddy current exist, in this instance, in the screens, and as such they circulate along the circumference of each of the screens. It is interesting to note here that the power losses of this busduct system are reduced by some 22% with this method of screen bonding and grounding. However, at the same time, dangerous voltages could be induced on the ungrounded ends of the busduct, which could possibly endanger personnel's safety at the facility.
Furthermore, Figure 7 presents a comparison between the magnetic field distributions (i.e., total magnetic flux density) along the observational profile located at 1 m from the symmetry line of the busduct system, obtained for both of the above mentioned screen (grounding and bonding) treatments. The left coordinate axis in this figure is provided in a logarithmic scale for better visualization and comparison. It can be clearly observed from the Figure 7 that the magnetic flux density is reduced on the order of 17-fold, with the grounding and mutual bonding of the high-current busduct screens. This is true even if the busduct system is grounded on a single end, while its screens are mutually bonded on the ungrounded end. In other words, it is sufficient only to bond (i.e., short-circuit) the busduct screens on its two ends (regardless of the grounding method chosen) to significantly reduce the associated magnetic field. It ought to be mentioned that with the screens being grounded on a single end there is no earth-return current (circulating between grounding systems located on both ends of the busduct route).
Regarding the above presented results, it could be interesting to note that the magnetic field in the high-current busducts of this type has an elliptical field. In this case the length of the longer semi-axis should be adopted as a magnetic field modulus. Furthermore, magnetic fields in the leftmost and rightmost phases are not symmetrical in relation to the centre phase.
Conclusions
There are three different influential factors which determine the high-current busduct screen treatment, in terms of its grounding and mutual bonding: (a) total power losses of the busduct system (which produces heating), (b) possible dangerous voltages induced in the screens (i.e., between ungrounded screens and earth), and (c) magnetic fields formed in the vicinity of the busduct system. It is desirable to have very low power losses, very low induced voltages on the screens (that could not endanger personnel safety) and very low magnetic fields (which could not produce adverse effects on the neighboring equipment).
In case of only one high-current busduct system-such as, for example, the one treated in this paper-the lowest power losses would be obtained in case when the screens are grounded on a single end, while not being mutually bonded; there are only eddy currents in the screens in this case. However, at the same time, voltages induced on the ungrounded screen ends (due to the electromotive forces in the screens induced by electromagnetic coupling) could attain dangerous levels, even during normal busduct operation. On the other hand, in case when the screens are either mutually bonded (while still remaining grounded on a single end) or having been grounded on both ends (with or without mutual bonding), the power losses will increase. This is due to the additional formation of circulating currents. However, there are no dangerous voltages on the screens if they are mutually bonded, regardless of the grounding method selected for them (grounded on single end, grounded on both ends or continuously grounded along the route). Furthermore, as has been shown in this paper, associated magnetic field in the vicinity of the high-current busduct system is significantly (i.e., sharply) reduced with the bonding of the busduct screens.
In addition, it is interesting to note that when there are two adjacent parallel busduct systems (e.g., of equal cross-section geometry), the power losses in each of them will be influenced by their mutual distance only in case when the screens are grounded on single end and not bonded on the ungrounded end. Contrary to that, when the screens are mutually bonded, both adjacent and parallel busduct systems behave almost as if they are alone, i.e., their mutual electromagnetic influence is almost completely eliminated. Hence, the unequivocal benefits of the high-current busduct screens bonding provide the reasons supporting the adopted practice, according to which the screens are always mutually bonded; although they could be grounded on a single end (which is sometimes carried out with the generator to step-up transformer connections).
In case of the GIL systems, for the same reasons introduce above, there is a universal practice of mutually bonding the screens and (due to the long distance of the transmission line) their continuous grounding. It is important to emphasize that the environmental impact of this transmission line technology (i.e., GIL) is significantly reduced, compared to the traditional overhead transmission lines of the same capacity, both in terms of the electromagnetic field effects and visual impact on the landscape. Furthermore, due to their low power losses and other afore mentioned benefits, their application is certainly expected to increase in the near future (e.g., in offshore wind farm applications and for bringing the bulk transmission power to major city centers) [25, 26] .
In the end, it could be stated that the here presented mathematical model for the computation of the high-current busduct or GIL system current distribution and electromagnetic fields could be easily extended to the cases of two (or even more) adjacent and parallel systems (with equal or different cross-section geometry). Moreover, different geometry of the busduct phase conductors could be treated as well (e.g., octagonal phase conductors, U-profiles, flat rectangular conductors, etc.).
